Here we discuss the vertical distribution of ultrafine particles (UFP, particle diameter, dp: 5 -20 26 nm), size distributions of larger particles (dp: 20 nm to 1 μm), and cloud condensation nuclei 27 (CCN, supersaturation = 0.6%) in relation to meteorological conditions and underlying surfaces. 28
2
UFPs were observed predominantly within the boundary layer, where concentrations were often 29 several hundreds to a few thousand particles per cubic centimeter. Occasionally, particle 30 concentrations below 10 cm -3 were found. The highest UFP concentrations were observed above 31 open ocean and at the top of low-level clouds, whereas numbers over ice-covered regions were 32 substantially lower. Overall, UFP formation events were frequent in a clean boundary layer with 33 a low condensation sink. In a few cases this ultrafine mode extended to sizes larger than 40 nm, 34
suggesting that these UFP can grow into a size range where they can impact clouds and therefore 35 climate. 36 37
Introduction 38
Surface temperatures within the Arctic are rising almost twice as fast as in any other region of the 39 world. As a manifestation of this rapid change the summer sea ice extent has been retreating 40 dramatically over the past decades with the possibility that the Arctic might be ice free by the end 41 of this century (Boé et al., 2009) or even earlier (Wang and Overland, 2012) . Increased open ocean 42 is likely to change the properties of both aerosol particles and clouds within the Arctic. Arctic 43 aerosol is well known to show a distinct seasonal variation with maximum mass concentrations 44 and a strong long-range anthropogenic influence in winter and early spring, known as Arctic haze 45 (e.g. Law and Stohl, 2007; Quinn et al., 2007; Shaw, 1995) . In contrast, during summer the Arctic 46 is more isolated from remote anthropogenic sources and represents a comparatively pristine 47 environment. The reason is that the Arctic front, which provides a meteorological barrier for lower-48 level air mass exchange, moves north of many source regions during the summer months. Particle Counter (CPC). The UCPC detected particle concentrations of particles larger than 5nm 176 in diameter with a time resolution of 1 Hz. The flow rate was set to 0.6 L min -1 . The particle 177 concentrations measured by the UCPC are referred to as Ntot hereafter. 178
The BMI SMS was set to measure particle size distributions from 20nm to 100nm with a sample 179 flow of 1 L min -1 and a sheath flow of 6 L min -1 . The duration of one scan was 40 s with a 20 s 180 delay time before each scan resulting in a time resolution of 1min. The UHSAS performed size 181 distribution measurements from 70 nm -1 µm at a time resolution of 1 Hz with a sample floe rate 182 of 55 cm 3 min -1 . Details of the calibrations and instrument inter-comparisons performed prior and 183 during the campaign are described in detail in Leaitch et al. (2016) . 184
Cloud condensation nuclei (CCN) were measured with a DMT CCN Counter (CCNC). The CCNC 185 was operated behind a constant pressure inlet that was set to 650 hPa. The nominal supersaturation 186 was held constant at 1%. Calibrations prior and during the campaign (for details see Leaitch et al. 187 2016) showed that a nominal supersaturation of 1% at the reduced pressure translated into 0.6% 188 effective supersaturation. 189
Cloud droplet sizes from 2-45 µm were measured using a wing mounted Particle Measuring 190 System (PMS) FSSP 100. In this study these data are only used to identify periods when the aircraft 191 was flying in cloud. To avoid possible artefacts produced from shattering of cloud droplets at the 192 aerosol inlet, data from in-cloud times are discarded for the purposes of this study. Water vapour (H2O) measurements were based on infrared absorption using a LI-7200 enclosed 211 CO2/H2O Analyzer from LI-COR Biosciences GmbH. The measurement uncertainty is ± 15 ppmv. 212 H2O mixing ratios were used to calculate relative humidity with pressure and temperature 213 measured by the AIMMS-20. 214
2.3 Data analysis and nomenclature of particle size data 215
All particle data were averaged to 1 min intervals to match the time resolution of the BMI SMS. 216
Particle concentrations within different size intervals were calculated. The notation Na-b is used; 217 "a" gives the lower limit and "b" the upper limit of the calculated size interval. The BMI SMS was 218 used to determine concentrations of particles from 20-90 nm diameter, and concentrations of 219 particles larger than 90 nm diameter were determined by the UHSAS. If the size interval is 220 expressed as N>a the upper limit is given by the detection limit of the UHSAS (1µm). Additionally, 221 particle concentrations from 5-20 nm (short: N5-20) were obtained by subtracting particle 222 9 concentrations measured by the BMI SMS and by the UHSAS from the Ntot as determined by the 223 CPC. The N5-20 are also referred to as ultrafine particles (UFP) in this study. 224
In order to obtain vertical profiles the data were averaged within altitude intervals. Up to 500 m 225 where 50% of the flight time took place, the averaging interval was 50 m (50-100 m, 100-150 m 226 etc.). Above 500 m, where the data coverage was less, the data were averaged in 100 m altitude 227 bins. The altitude that is reported for a certain interval is given by the average altitude within this 228
intervaland not the middle altitude of the bin interval. Data points in the vertical profiles are 229 therefore not necessarily equidistant but better reflect the actual flying altitude. 230
Average size distributions were obtained by simply averaging each bin for the desired time and 231 altitude range. The size distributions measured by the BMI SMS were used for particle sizes from 232 20-90 nm, and the distributions at larger sizes are taken from the UHSAS. In figure 5b the average and median size distribution is shown and illustrates that increases in only 397 UPF above background levels, without larger particles sizes, were very frequent. However, at 398 times high concentrations of particles extended up to about 40nm. This might indicate that at those 399 times particles experienced growth to larger sizes. Such a case will be discussed in Section 4.3. 400
It should also be noted that occasionally a mode of particles larger than 400 nm was present, which, however, is especially interesting as we observed a very "clean" air mass (low 407 concentrations of large particles, e.g. N>40: 60-100 cm -3 , see Figure 6 ), probably as a result of cloud 408 processing and scavenging during the days before that occurred when flying was impossible 409 because of intense fog and cloud formation at Resolute Bay. 410
On this day the low pressure system situated to the west was bringing air masses from the west 411 along the Canadian and Alaskan coastline (Figure 4c ). The temperature profile shows an inversion 412 between 650-1000 m possibly indicating a change in air mass. CO mixing ratios (83 ppbv) and BC 413 mass concentrations (3 ng cm -3 ) are still quite low indicating mostly Arctic background conditions. 414
Again we observed a mode of UFP within the near surface layer (Figure 6b 
UFP occurrence above ice versus water 474
We investigated the potential influence of different terrain on the occurrence of UFP by examining 475 in detail the time periods when we were flying at altitudes at or below 300 m during the Arctic air 476 mass period. We distinguish between three underlying surfaces: ice covered areas (including ice 477 UFP were present throughout the BL with the highest concentrations at the lower altitudes and 515 decreasing concentrations towards the top of the BL (Figure 9b ). In contrast, larger particles (e.g. 516 N>40) exhibit the opposite pattern, with lower concentrations at lower altitudes and higher 517 concentrations at higher altitudes. Six locations from west to east (points A-F in Figure 9a) are 518 used to illustrate the changing aerosol characteristics. Location A is situated well above the BL 519 and at this point no UFP were present (detailed size distributions are shown in Supplementary 520 Figure 4 ). At location B, the point at which we first entered the BL, an UFP mode (~370 cm -3 ) was 521 present at 60m, while UFP concentrations were lower at slightly higher altitudes (~80 cm -3 at 230 522 m) such as location C. At the lower altitudes the UFP mode gradually increased as we approached 523 the ice edge. The most striking observation is the steep increase in particle concentrations at about 524 60 km west of the ice edge (location D) at altitudes of 100-150 m. UFP increased to above 4000 525 cm -3 at 150 m. At the same time N20-40 concentrations showed a similar increase which was not the 526 case before. At this point we were just above the thickened cloud layer. Notably, increased UFP 527 20 concentrations were limited to the vicinity of cloud top and decreased rapidly with increasing 528 altitude. Further east (after 1700 UTC, point F) we were restricted to above cloud top and close to 529 the top of the SIL and no peaks of aerosol concentrations were observed with the exception of just 530 before the ice edge (location E). 531
In order to interpret these observations, air mass histories at these locations were investigated with 532 show an initial relative increase followed by an absolute increase towards the east (Figure 9c) . 546
Within the BL aerosol organics and sulphate mass loadings show a pattern similar to N>40 and 547 N>80. Both decrease each time we descended deeper into the BL. However, at the same time the 548 organics-to-sulphate ratio indicates that the relative contribution of organics to aerosol mass 549 increases at lower altitudes and especially above cloud (Figure 9e At first sight the increase of UFP at point E seems to contradict these observations. The event 580
occurs at a point where the aircraft was clearly above cloud and close to the top of the BL, at a 581 location where no increases in UFP were observed before or after. However, at this point we were 582 in vicinity of Prince Leopold Island which is a bird sanctuary and many bird colonies nest at the 583 260m high cliff. FLEXPART-WRF shows that air masses to a large extent were directly coming 584 off the island (Figure 10 
